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Abstract
We show that a simple extension of the Standard Model involving the introduc-
tion of vector-like quarks and heavy neutrinos, provides an explanation of the
so called B-anomalies in b → s`¯` transitions. Vector-like quarks can explain, in
the context of a discrete flavour symmetry, all the relevant characteristics of the
Cabibbo-Kobayashi-Maskawa sector. It is in this framework that we study the
requirements on the masses of the vector like quarks and the heavy neutrinos
leading to viable models with sufficient deviations of lepton flavour universality
and which simultaneously avoid too large Flavour Changing Neutral Current ef-
fects. Related predictions on b → d`¯` and s → d`¯` transitions are also analysed
in detail.
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1 Introduction
For the last few years there has been increasing evidence of what is generally known
as “B anomalies”. Two kinds of anomalies are emerging, related to the processes
b → s`¯` [1–14], and b → cτν [15–20], [21–24]. Here we are interested in the Flavour
Changing Neutral Current (FCNC) anomaly related to the b → s`¯` transition. The
pioneer study [7] of B → K∗µµ¯ by the LHCb collaboration started [25, 26] with what
now seems to indicate a systematic deficit, with respect to the Standard Model (SM)
predictions, in several decay rates such as B → K(∗)µµ¯ and Bs → φµµ¯. LHCb has also
published [13,14] results on
RK(∗) =
BR(B → K(∗)µµ¯)
BR(B → K(∗)ee¯) (1)
pointing to a deviation from the Lepton Flavour Universality (LFU) that holds in the
SM. The Belle experiment has results supporting the LHCb findings [4], the ATLAS
and CMS collaborations also have results consistent with the aforementioned anomalies
[11,12].
Global fits to all these data have been done in the framework of an effective Hamil-
tonian approach where the New Physics (NP) contributions are included [25–40], after
excluding other possibilities and addressing in detail hadronic effects [41–49], in the
Wilson coefficients Ci accompanying the operators
O[µ]9 = (s¯γνγLb)(µ¯γνµ), O[µ]′9 = (s¯γνγRb)(µ¯γνµ), (2)
O[µ]10 = (s¯γνγLb)(µ¯γνγ5µ), O[µ]′10 = (s¯γνγRb)(µ¯γνγ5µ). (3)
Among the viable NP scenarios, there are two broad categories depending on the
amount and origin of LFU Violation (LFUV): (1) all the NP contribution is in the
effective Hamiltonian for Heff(b → sµµ¯), encoded in the coefficients C [µ]i , and (2) the
NP does also appear in the effective Hamiltonian Heff(b → see¯), in the coefficients
C
[e]
i . NP analyses covering a wide range of scenarios, including Randall-Sundrum,
supersymmetric models, leptoquarks or Z ′ models, to name a few, have been put
forward in recent times [28,30,32,50–67].
The model independent fits to b → s`¯` and b → sγ data favour LFUV scenarios
with NP entering mainly in b→ sµµ¯ transitions. We will concentrate on this favoured
scenario, imposing that all NP contributions to C
[e]
i are negligible. When the fits are
performed including NP contributions to the four operators in eq. (2), the most simple
and favoured scenarios that arise can be classified according to where does the NP
appear: (i) in C
[µ]
9 , (ii) in C
[µ]
9 and C
[µ]
10 with C
[µ]
9 = −C [µ]10 , (iii) in C [µ]9 and C [µ]′9 with
C
[µ]
9 = −C [µ]′9 . In the following we restrict ourselves to scenario (ii), where the origin
of LFUV is NP in b → sµµ¯ transitions with a V − A structure. We thus omit in the
rest of the paper the superscript [µ], with the understanding that Ci means C
[µ]
i . In
order to specify the amount of NP that we are discussing, we recall that, at the scale
µb = 4.8 GeV, the SM values of C
SM
9,10 are ∼ 4.07, 4.31; the best fit in this scenario (ii)
is obtained for C9 ≡ CSM9 + δC9 with δC9 ' −0.6 .
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In this paper we study the possibility that the origin of these anomalies stems
from the existence of new Heavy Fermions which mix with the Standard Model ones.
In reference [68] we have shown how vector-like quarks can explain, in the context
of a discrete flavour symmetry, the origin of the light quark masses and of the small
mixings of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, providing a rationale for
the almost decoupling of the third generation of quarks, with |Vub|2 + |Vcb|2 ∼ 1.6 ×
10−3. At the same time, one lesson in that same framework is that it is natural to
have suppressed (i.e. negligible) Z and Higgs tree level mediated FCNCs among the
SM quarks. Nevertheless, it was also pointed out in [68] that one must be careful
with the new one loop FCNC involving virtual heavy vector-like quarks. This general
warning, taken into account in reference [68], can be translated into a relatively simple
mechanism to generate New Physics contributions to b→ s`¯` transitions at the fifteen
percent level. We are referring, for this process, to the contributions in the diagrams
of figure 1: the box 1(a) and the Z mediated penguin diagrams 1(b). With the SM
contribution or even just introducing vector-like quarks, one cannot generate LFUV:
one obtains the same corrections in b → sµµ¯ and b → see¯. Concentrating on the box
diagram, if, in addition, the ν` has some small component of some heavy neutrino Ni,
different for νµ and νe, then there is a chance to end up with corrections to b → s`¯`
with LFUV.
s¯
b `−
`+
W−
W+
ν`uj
uj = u, c, t, T1, . . . ν` = ν1, ν2, ν3, N1, . . .
(a) Box diagram.
Z
`+
`−b
s¯
W+
W−
uj
uj = u, c, t, T1, . . .
`+
`−b
s¯
Z
W
ui
uj
ui, uj = u, c, t, T1, . . .
(b) 1PI Penguin diagrams.
Figure 1: One loop contributions to b→ s`¯`.
This is the avenue that we will explore (it has been partially considered in [60]
including only the top quark contribution). The paper is organised as follows. In the
next section, 2, we specify the new fermions that are introduced. The corrections to the
Wilson coefficients are analysed in section 3. An example of this type of scenario which
reproduces the RK(∗) anomalies is presented in section 5. Correlated effects in other
flavour processes are discussed in section 6; we then conclude. In addition, appendix
A includes further details completing the example of section 5, while in appendix B
the relevant limits on deviations of 3 × 3 unitarity of the leptonic mixing matrix are
commented.
3
2 Vector-like quarks
We are interested in extensions of the SM where the Lagrangians for charged and
neutral current interactions in the weak basis are given by
LW = − g√
2
3∑
i=1
(
d¯0Liγ
µu0Li +
¯`0
Liγ
µν0Li
)
Wµ + H.c., (4)
and
LZ = − g
cos θW
Zµ
[
3∑
i=1
(
1
2
u¯0Liγ
µu0Li −
1
2
d¯0Liγ
µd0Li +
1
2
ν¯0Liγ
µν0Li −
1
2
¯`0
Liγ
µ`0Li
)
− sin2 θW
(
2
3
3+nu∑
i=1
u¯0i γ
µu0i −
1
3
3+nd∑
i=1
d¯0i γ
µd0i −
3∑
i=1
¯`0
i γ
µ`0i
)]
, (5)
as in the SM, except for the electromagnetic current in the last line of eq. (5), since all
the new fermions that we introduce are SU(2)L singlets. The new fields are u
0
Lk, u
0
Rk,
k = 4, 5, . . . , 3 + nu and similarly for d
0 and ν0 (nf is the number of new fermions of
type f); to begin with, we do not need to introduce new charged leptons. In general,
all the light fields mix with the heavy partners, which have the same colour and electric
charges, but are singlets under SU(2)L. The transformations of the fields into the mass
eigenstate bases are given by
u0L =
(
AuL
BuL
)
uL, d
0
L =
(
AdL
BdL
)
dL, ν
0
L =
(
AνL
BνL
)
νL, `
0
L =
(
A`L
B`L
)
`L, (6)
where the matrices
(
AfL
BfL
)
are (3 + nf )× (3 + nf ) unitary; AfL has 3 rows and 3 + nf
columns and, of course, BfL has nf rows and 3 + nf columns. Note that a generalized
GIM mechanism is encoded in the unitarity equations(
AuL
BuL
)(
A†uL B
†
uL
)
= 1(3+nf )×(3+nf ) ⇔
(
AuLA
†
uL AuLA
†
uL
BuLA
†
uL BuLB
†
uL
)
=
(
13×3 03×nf
0nf×3 1nf×nf
)
,
(7)(
A†uL B
†
uL
)(AuL
BuL
)
= 1(3+nf )×(3+nf ) ⇔ A†uLAuL +B†uLBuL = 1(3+nf )×(3+nf ) . (8)
The first three components of uL, dL, νL and `L correspond to the known light matter
degrees of freedom. In terms of physical fields, the Lagrangians of charged and neutral
current interactions now read
LW = − g√
2
(
d¯LV
†γµuL + ¯`LUγµνL
)
Wµ + H.C., (9)
and
LZ = − g
cos θW
Zµ
[(
1
2
u¯LWuγ
µu0L −
1
2
d¯LWdγ
µdL +
1
2
ν¯LWνγ
µνL − 1
2
¯`
LW`γ
µ`L
)
− sin2 θW
(
2
3
u¯γµu− 1
3
d¯γµd− ¯`γµ`
)]
, (10)
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with summations over all mass eigenstate indices understood. The generalized Cabibbo-
Kobayashi-Maskawa matrix V is given by
V ≡ A†uLAdL , (11)
and, obviously, it is not anymore a unitary matrix; it has in general 3 + nu rows and
3 + nd columns. The Pontecorvo-Maki-Nakagawa-Sakata matrix U is
U = A†`LAνL , (12)
which, again, is not unitary. Since we do not add heavy charged leptons, U has 3 rows
and 3 + nν columns. The neutral current couplings in eq. (10) are no longer diagonal,
there are in general FCNC controlled by the matrices
Wu ≡ V V †, Wd = V †V, Wν = U †U, W` = 13×3 . (13)
The absence of FCNC in the charged lepton sector, W` = U
†U = 13×3, is a direct
consequence of the fact that we do not introduce heavy charged leptons. At this point,
it is worthwhile mentioning that given the constraints on |(W`)µµ − 1| ≤ 10−3 from
Z → µ+µ− [69] and on |(Wd)bs| ≤ 10−5 from B0s–B¯0s mixing [70, 71], Z mediated tree
level FCNC are useless in order to explain the considered b → s anomalies. It is also
understood that besides the new SU(2)L left-handed singlets explicitely discussed, the
corresponding right-handed singlets, as mentioned after eq. (5), are also introduced to
fully define the theory.
3 Anatomy of the Contributions to the Wilson Co-
efficients
3.1 The Standard Model
The effective Lagrangian of interest for b→ s`¯` has the form
Leff =
4GF√
2
VtbV
∗
ts
α
4pi
(C9O9 + C10O10) + H.C., (14)
with O9,10 in eq. (2); the coefficients C9,10 arise from the diagrams in Figure 1. In the
SM and in the extensions with singlet vector-like quarks and also with heavy neutrinos,
C9 = −C10 . (15)
In the SM, C9,10 = C
SM
9,10 comes from (a) the box diagram –Fig. 1(a)– with the three
light quarks u, c, t, and the three massless neutrinos ν1,2,3 running in the loop, and (b)
from the penguin diagrams –Fig. 1(b)– with the three light quarks. In an Rξ gauge, the
box graph is gauge dependent, divergent in the unitary gauge, and the corresponding
diagrams with would-be Goldstone bosons vanish with the light neutrino masses. Of
course, gauge dependence cancels when the penguin diagrams are included. These
diagrams were first calculated by Inami and Lim (IL) [72] separating the Landau gauge
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contribution and checking the cancellation of the gauge dependent parts among the box
and the Z penguins. They obtained, at the electroweak scale,
CSM9 = −CSM10 =
1
sin2 θW
∑
α=c,t
V ∗αsVαb
V ∗tsVtb
Y (xα) ∼ Y (xt)
sin2 θW
, (16)
with xt = m
2
t/M
2
W and the IL function
Y (x) =
x
8
(
x− 4
x− 1 +
3x lnx
(x− 1)2
)
. (17)
3.2 Singlet Vector-like Quarks
As explained before, we consider the scenario in [68] as our singlet vector-like quark
extension. In particular, we introduce n up and n down singlets, labelled T1L, T1R, . . .,
TnL, TnR and D1L, D1R, . . ., DnL, DnR respectively (in this obvious notation, Tj = u3+j
and Dj = d3+j in eq. (9)–(10)). For the purpose of the present work, it is sufficient to
introduce one vectorial quark in order to have, inside the loops in Figure 1, a quark
heavier than the top. However, in order to explain light quark masses and small
mixings in a symmetry controlled context, we use the complete scenario introduced
in [68]. Without considering the neutrino extension yet, let us consider again the
diagrams in Figure 1. Taking into account that the IL result is gauge invariant for
any number of generations, and that the box diagram has the same form as in the SM
enlarged with n additional generations, the best way to present the calculation in this
extension is to split the Wilson coefficient CVLQ9 in a SM-like contribution for 3 + n
generations CSM9 (3 + n) and the remaining piece ∆C
HQ
9 (“HQ” for Heavy Quark):
CVLQ9 = C
SM
9 (3 + n) + ∆C
HQ
9 . (18)
The SM-like contribution with 3 + n generations is
CSM9 (3 + n) =
1
sin2 θW
∑
α=c,t,T1,...,Tn
V ∗αsVαb
V ∗tsVtb
Y (xα) . (19)
The question now is to find out the remaining piece ∆CHQ9 . As already mentioned,
CSM9 (3 + n) includes all the contributions with SM couplings of the Z to fermions.
Neglecting the contributions with tree level flavour changing couplings of the Z to down
quarks, much constrained by Bs meson mixing, it is clear that the only contributions
not properly included in CSM9 (3+n) appear in the right diagram of Fig. 1(b): the ∆C
HQ
9
piece comes exactly from that penguin diagram with the substitution Wu 7→ Wu − 1.
It can be shown that this contribution is gauge invariant on its own, and previous
calculations can be found in [73–76]. Explicitly,
∆CHQ9 =
1
sin2 θW
∑
α=c,t,T1,...,Tn
V ∗αs(Wu − 1)αβVβb
V ∗tsVtb
N(xα, xβ), xα =
m2α
M2W
, (20)
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where
N(xα, xβ) =
xy
8(x− y)(lnx− ln y) . (21)
Vector-like quarks do not violate decoupling requirements [76,77], but the IL function
Y (x) grows with x: it can be checked that the addition of ∆CHQ9 to C
SM
9 (3+n) enforces
decoupling: noticing that in the decoupling limit [68]
Wu − 1→
(
03×3 03×n
0n×3 −1n×n
)
(22)
and
N(x, x) =
x
8
, (23)
the contribution of the heavy quark Ti to C
SM
9 (3 + n) + ∆C
HQ
9 is of the form
Y (xTi)−
xTi
8
=
xTi
8
( −3
xTi − 1
+
3xTi lnxTi
(xTi − 1)2
)
xTi→∞−−−−→ −3
8
+
3
8
lnxTi (24)
which does not grow as xTi anymore enforcing decoupling. It is to be stressed, however,
that the Wilson coefficient CVLQ9 is still Lepton Flavour Universal. It is clear that to get
a natural LFUV contribution we do not want this VLQ contribution to be important
since it is LFU. This implies that our vectorial quark should be heavy enough to reduce
this contribution. Our next step is to introduce heavy neutrinos to induce LFUV.
3.3 Singlet Vector-like Quarks and Heavy Neutrinos
In order to achieve LFUV, we will keep the neutrino sector as general as possible.
That is, we will assume that running in the box diagram of Fig. 1(a) there are three
essentially massless neutrinos ν1, ν2, ν3 and in addition heavy neutrinos Nj. The con-
tribution to b→ s`¯` is proportional to |U`νi|2 for each light neutrino, and to |U`Nj |2 for
each heavy one, with
3∑
i=1
|U`νi |2 = 1−
nN∑
j=4
|U`Nj |2 . (25)
The contribution to CSM9 and to C
VLQ
9 mediated by light neutrinos is proportional to∑3
νi=1
|U`νi |2, while the one mediated by the heavy neutrinos Nj in the box (Fig. 1(a))
will be proportional to
∑nN
j=4 |U`Nj |2q2/(q2 −m2Nj), giving
3∑
νi=1
|U`νi |2 +
nN∑
j=4
|U`Nj |2
q2
q2 −m2Nj
= 1 +
nN∑
j=4
|U`Nj |2
(
q2
q2 −m2Nj
− 1
)
=
1 +
nN∑
j=4
|U`Nj |2
m2Nj
q2 −m2Nj
(26)
from the neutrino propagators (the first term, “1”, is just the standard contribution).
As we know, this piece is gauge dependent, but for the heavy neutrinos the box dia-
grams with would-be Goldstone bosons do not vanish anymore, reestablishing gauge
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invariance. The complete result for the model including vector-like quarks and enlarged
with heavy neutrinos (labelled “VLN” in the following) is
CVLN9 = C
SM
9 (3 + n) + ∆C
HQ
9 + ∆C
HN
9 , (27)
where the last term ∆CHN9 is the heavy neutrino contribution which can violate Lepton
Flavour Universality:
∆CHN9 =
1
4 sin2 θW
∑
α=c,t,T1,...,Tn
V ∗αsVαb
V ∗tsVtb
nN∑
j=4
|U`Nj |2G(xαj, xWj), (28)
with xαj = (mα/mNj)
2, xWj = (MW/mNj)
2 and
G(x, y) =
3x(1− x− y + xy)
4(x− y)(1− x)(1− y)2 +
3x(2x− y − xy) ln y
4(x− y)2(1− y)2 +
(x2 + 4y2 − 8xy)x lnx
4y(x− y)2(1− x) .
(29)
G(x, y) is in agreement with [60], where
E((mα/MW )
2, (mNj/MW )
2) = −G((mα/mNj)2, (MW/mNj)2) (30)
is used instead.
4 Heavy Neutrinos and no Vector-like Quarks
With the results from the previous section, we can now address the anomalies quanti-
tatively. Since LFUV are related to the presence of heavy neutrinos, before addressing
the anomalies in the complete scenario with both vector-like quarks and heavy neutri-
nos, we first analyse briefly what is the situation when heavy neutrinos are added, but
no vector-like quarks. In that case, one has
CVLN9 → CN9 = CSM9 (3 + 0) + ∆CHQ9 + ∆CSM−HN9 = CSM9 + ∆CSM−HN9 (31)
where ∆CHN9 → ∆CSM−HN9 when the quark sector is simply the SM one, that is
∆CSM−HN9 =
1
4 sin2 θW
nN∑
j=4
|U`Nj |2G
(
m2t
m2Nj
,
M2W
m2Nj
)
, (32)
omitting negligible charm contributions. It has to be stressed that the function G is
negative in all the parameter space, and thus in this scenario one obtains naturally a
negative contribution to C9 from heavy neutrinos which mix with the light ones. We
plot −G in Figure 2 as a function of a heavy neutrino mass MN and an up type quark
mass MT . We can read in Fig. 2(a) that for the top quark mediated contribution,
−G(x, y) < 102 even if MN arrives to values as large as 1012 GeV. As discussed later,
following universality constraints, |U`Nj |2 ≤ 10−3 and thus it is very difficult to reach
values ∆CSM−HN9 ∼ −0.1 only with the top quark contribution. Unless they are ex-
tremely heavy, it turns out that just the presence of heavy neutrinos cannot be the
8
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Figure 2: Box function G with heavy neutrinos in eq. (29).
origin of the B anomalies, including the LFUV RK(∗) anomalies.
From figure 2(a), one can see that for a large mT there is region where −G grows
linearly with mN until mN ∼ mT (see for example the dashed line for MT = 500 TeV).
With mN towards the end of this rapidly growing region, we can optimise the New
Physics effect.
5 Reproducing the Anomalies with Heavy Neutri-
nos and Vector-like Quarks
It is now clear that the presence of heavy neutrinos or of heavy vector-like quarks, but
not both simultaneously, is not sufficient to reproduce the B anomalies. In this section
we address the complete scenario with both heavy neutrinos and heavy vector-like
quarks, and present an example successful in that scope.
5.1 Quark sector
As discussed in section 2, the quark sector of the model contains three up vector-
like singlets T 0jL, T
0
jR, j = 1, 2, 3, and three down vector-like singlets D
0
jL, D
0
jR, j =
1, 2, 3. In principle, in order to address the B anomalies, we do not need to add
that many vectorial quarks. However, since it is interesting to have a realistic model
with motivations going beyond accounting for the anomalies, we consider the complete
scenario, which explains light quark masses and mixings in a symmetry based approach
[68]. In this context, the relevant part of the Lagrangian is the mass matrix after
spontaneous electroweak symmetry breaking:
LM = −
(
d¯0L D¯
0
L
)
M0d
(
d0R
D0R
)
− (u¯0L T¯ 0L) M0u (u0RT 0R
)
, (33)
9
with the 6× 6 mass matrices M0d and M0u further divided in 3× 3 submatrices
M0d ≡
(
md ωd
Xd Md
)
. M0u ≡
(
mu ωu
Xu Mu
)
. (34)
mq and ωq are ∆I = 1/2 mass terms (of the electroweak scale order) while Xq and
Mq are ∆I = 0 bare mass terms of the scale of the heavy vectorial quark masses.
The explicit mass matrices are shown in appendix A. In any case, in order to check
consistency of all the relevant flavour data and in order to analyse all possible correlated
effects (if any), we need a very detailed model. The masses of the quarks, in GeV, are:
md
ms
mb
mD1
mD2
mD3
 =

0.0029
0.055
2.9
10012.5
11011.5
12010.4
 ,

mu
mc
mt
mT1
mT2
mT3
 =

0.0013
0.68
171.5
502494
503154
503891
 . (35)
The new down quarks have masses in the 10 TeV range while the up quarks are in the
500 TeV range. From the diagonalisation of the mass matrices in eq. (33), (eqs. (63)–
(67) in appendix A), we obtain the non-unitary 6× 6 CKM matrix V . Its moduli are
given by
|V | =

0.97427 0.22534 0.00350 3.7 · 10−5 6.4 · 10−6 7.2 · 10−7
0.22521 0.97348 0.04099 5.8 · 10−4 2.0 · 10−4 2.3 · 10−5
0.00834 0.04028 0.99914 1.7 · 10−5 5.1 · 10−3 1.4 · 10−4
1.3 · 10−4 6.6 · 10−4 6.2 · 10−4 3.8 · 10−7 3.2 · 10−6 1.7 · 10−7
2.0 · 10−6 1.2 · 10−5 2.3 · 10−4 1.0 · 10−8 1.2 · 10−6 3.2 · 10−8
1.6 · 10−7 8.0 · 10−7 4.0 · 10−6 4.0 · 10−10 2.1 · 10−8 6.0 · 10−10
 , (36)
while the arguments of its elements (in a convenient phase convention [78]) are
arg(V ) =

0 5.885 · 10−4 −1.119 0.361 −1.039 1.401
pi 0 0 0.963 0.331 1.129
−0.377 pi + 0.018 0 −0.862 0.113 −2.013
−1.896 1.219 −1.923 2.210 −1.818 2.348
−0.825 2.308 −1.976 −2.444 −1.862 2.305
1.174 −1.921 1.219 −0.794 1.331 −0.794
 . (37)
Finally, for the intensity of the FCNC, we give the moduli of the matrices Wu = V V
†
and Wd = V
†V ,
|Wu| =

1 1.3 · 10−8 1.3 · 10−8 2.1 · 10−5 2.1 · 10−9 2.1 · 10−8
1.3 · 10−8 1 4.2 · 10−7 6.5 · 10−4 1.2 · 10−5 6.5 · 10−7
1.3 · 10−8 4.2 · 10−7 1 6.5 · 10−4 2.3 · 10−4 4.1 · 10−6
2.1 · 10−5 6.5 · 10−4 6.5 · 10−4 8.4 · 10−7 1.4 · 10−7 3.1 · 10−9
2.1 · 10−9 1.2 · 10−5 2.3 · 10−4 1.4 · 10−7 5.1 · 10−8 9.1 · 10−10
2.1 · 10−8 6.5 · 10−7 4.1 · 10−6 3.1 · 10−9 9.1 · 10−10 1.7 · 10−11
 , (38)
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|Wd| =

1 5.9 · 10−8 3.4 · 10−9 1.0 · 10−4 7.4 · 10−7 6.0 · 10−6
5.9 · 10−8 1 2.5 · 10−7 5.7 · 10−4 4.8 · 10−5 2.8 · 10−5
3.4 · 10−9 2.5 · 10−7 0.999973 2.6 · 10−5 1.7 · 10−16 2.2 · 10−18
1.0 · 10−4 5.7 · 10−4 2.6 · 10−5 3.4 · 10−7 1.4 · 10−7 1.4 · 10−8
7.4 · 10−7 4.8 · 10−5 1.7 · 10−16 1.4 · 10−7 2.6 · 10−5 7.3 · 10−7
6.0 · 10−6 2.8 · 10−5 2.2 · 10−18 1.4 · 10−8 7.3 · 10−7 2.1 · 10−8
 . (39)
In the light sector, it is well known that the potentially most dangerous FCNC are
those mediated by Z exchange (compared to Higgs exchange), and therefore controlled
by the off-diagonal elements of the upper left 3× 3 submatrices in Wd and Wu. Their
contribution to meson mixing is very small, being proportional to ([Wd]ij)
2, which are
of order 10−14 or smaller. For a di → dj transition, the contributions to C9,10 from tree
level Z exchange are [70, 71]
δCtree9 =
pi[Wd]djdi
αV ∗tdjVtdi
(4 sin2 θW − 1), δCtree10 =
pi[Wd]djdi
αV ∗tdjVtdi
. (40)
For the b→ s transition in particular, with eq. (39),
Z tree level FCNC: |δCtree9 | ' 2.6× 10−3(1− 4 sin2 θW ), |δCtree10 | ' 2.6× 10−3 . (41)
With the suppression of the vectorial Z coupling to leptons, we can neglect the tree
level contribution δCtree9 for any di → dj transition. |δCtree10 | is ∼ 1.7× 10−4 for b → d
and reaches 0.08 for s → d transitions, still too small to be taken into account. We
neglect, consistently, all loop corrections proportional to [Wd]ij with i 6= j. Notice that
if the tree level Z-FCNC contributions in eq. (40) had not been negligible, we would
have had deviations from δC9 = −δC10, since δCtree9 + δCtree10 6= 0 controlled by sin2 θW .
5.2 Lepton sector
Since the source of lepton flavour universality violation at a sizable level is, in this
scenario, the box diagram in Fig. 1(a) with a heavy quark Ti and a heavy neutrino
Nj running in the loop, it is beneficial to have |UµNj |2 as large as possible and |UeNj |2
much smaller. With this in mind we assume for our benchmark example |UeNj |2 = 0
for all Nj, |UµNj |2 = 0 for all Nj except one, N , for which we drop the subindex in the
following, and for which |UµN |2 takes a value similar to the maximum allowed by tree
level flavour universality constraints [69,79,80], following appendix B,
|UµN |2 ∼ 10−3 . (42)
Note that with such a large value of |UµN |2, to suppress µ→ eγ (induced by the heavy
neutrino N alone) one would in any case need |UeN |2 ≤ 5×10−7 ∼ 0; the corresponding
bound on |UτN |2 ≤ 0.24 from τ → µγ is irrelevant.
In any case, besides the previous assumption on the allowed size of the mixings, and the
benchmark values of mN to be considered below, we do not refer to specific scenarios
for neutrino mass generation.
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5.3 The effect in b→ sµµ¯
With the quark sector described in section 5.1 and the considerations on the lepton
sector in section 5.2 we are finally in a position to evaluate the correction to the
Wilson coefficients C9,10 in our scenario, arising from the box diagram. For that, the
relevant ingredients of our benchmark case are the generalized CKM matrix V , the
FCNC matrix Wu, the heavy quark masses (essentially, only mT1 is relevant), the
heavy neutrino admixture |UµN |2, which is chosen as in eq. (42), and the value of the
relevant heavy neutrino mass mN . To present our results, we will only have mN as a
free parameter.
Taking into account that
V ∗T1sVT1b
V ∗tsVtb
∼ 10−5 , (43)
in order to reach a flavour dependent correction in eq. (28) of order δC9 ∼ −0.6, it is
evident that one needs −G ∼ 6× 107; now, with mT1 ∼ 500 TeV, according to Figure
2, mN is required to be in the range 500 TeV ≤ mN ≤ 50000 TeV. We therefore show,
for different values of mN , the values at the electroweak scale of
CVLN9 = C
VLN−Univ
9 + C
HN
9 , C
VLN−Univ
9 = C
SM
9 (3 + n) + ∆C
HQ
9 , (44)
where CHN9 is dominated by the contribution with T1 and N (and only appears in
b→ sµµ¯); the universal piece CVLN−Univ9 does depend on the heavy quarks but not on
the heavy neutrinos. It could in principle affect other rare processes, but its value in
our benchmark scenario is
CVLN−Univ9 = 4.42× e0.001i , (45)
to be compared with
CSM9 = 4.42 , (46)
and thus in this scenario CSM9 for b → see¯ takes essentially the SM value. For the
violation of lepton flavour universality, values of
δC9 = C
VLN
9 − CSM9 ∼ CHN9 , (47)
are given in Table 1.
mN mT1 10mT1 100mT1
δC9 −0.12× e−0.025i −0.53× e−0.034i −1.02× e−0.008i
Table 1: Values of δC9
It is clear that in our scenario one can generate lepton flavour universality violations at
the level given by RK(∗) , in the context of global solutions to the existing B anomalies
with δC9 = −δC10, and with the presence of a heavy neutrino with a mass mN ∼ 5000
TeV, for a PMNS mixing matrix with |UµN |2 ∼ 10−3. From Table 1 and Figure 2 one
can see that choosing heavier neutrino masses one can go to lower |UµN |2 mixings. One
could similarly consider scenarios where vectorial up quark masses are lowered and the
heavy neutrino mass and/or mixing rised.
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6 Correlated Results in other Flavour Observables
The introduction of vector-like quarks generates correlated effects in different flavour
observables. We can classify them in two classes: (i) lepton flavour universal and
(ii) non-universal processes. In the absence of new heavy charged leptons, any lepton
flavour universality violation should come from one loop diagrams involving virtual
heavy neutrinos, and thus in the first class we consider neutral meson-antimeson mix-
ings, qi → qjνν¯ transitions and EW oblique corrections; in the second class we will
analyse qi → qjµµ¯.
6.1 Lepton Flavour Universal Processes
Following [68], to which we refer for details, the corrections (modulus and phase) to the
amplitude M
(P )
12 of the P
0–P¯ 0 mixing are, with respect to the SM prediction M
(P )SM
12 ,
∆(P ) =
∣∣∣∣∣ M (P )12M (P )SM12
∣∣∣∣∣− 1, δ(P ) = arg(M (P )12 )arg(M (P )SM12 ) − 1. (48)
They are shown in Table 2: they are all below current experimental uncertainties.
K0–K¯0 B0d–B¯
0
d B
0
s–B¯
0
s
∆(P ) 0.007 0.047 0.002
δ(P ) −0.088 −0.032 −0.055
Table 2: Corrections to meson mixing amplitudes, eq. (48) .
For decay processes we also define the deviation with respect to SM expectations:
R(A→ B) = Γ(A→ B)
[Γ(A→ B)]SM − 1 . (49)
For our benchmark example, the different di → djνν¯ processes have
R(s→ dνν¯) = −0.036, R(b→ dνν¯) = −0.047, R(b→ sνν¯) = 0.002 . (50)
Finally, for the oblique parameters [81], we have
∆T = −0.005 , ∆S = 0.002 . (51)
In summary, these results are all in agreement with existing experimental constraints.
6.2 Lepton Flavour Universality Violating Processes
6.2.1 Transitions b→ qµµ¯
In this subsection we focus on the corrections to the Wilson coefficients C9,10 (recalling
that C9 = −C10 in this scenario) for the transitions b → dµµ¯ and b → sµµ¯. For the
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mN = mT mN = 10mT mN = 100mT
CVLN9 δC9 = −δC10
b→ sµµ¯ 4.42× e0.001i −0.12× e−0.025i −0.53× e0.0034i −1.02× e0.008i
b→ dµµ¯ 4.31× e−0.013i −0.22× e0.056i −0.58× e−0.244i −1.04× e−0.321i
Table 3: Corrections to the Wilson coefficients C9,10 for b→ qµµ¯.
benchmark example in section 5, we consider the three different values of the heavy
neutrino mass in Table 1; the results are shown in Table 3 (the b→ s row repeats Table
1). One can see that LFU violation is quite general in b → dµµ¯ once we require LFU
violation in b → sµµ¯ transitions. One could have expected this result except for the
fact that, with different CKM matrix elements entering the process, corrections to the
phases can be different in a natural way. We can conclude that if the explanation of
the RK(∗) anomalies is due to this model, we should expect similar effects in processes
with underlying b → dµµ¯ transitions. For the benchmark example, with mN = 10mT ,
the correction (which is already normalized to the appropriate V ∗tqVtb combination) is
similar in b→ s and b→ d transitions; in the more suppressed b→ d transition there
is, however, much larger room for changes in the weak phase of the C9 coefficient (this
is even more apparent in the case mN = 100mT in Table 3). This can be readily
understood with the following relation for the dominant T1 mediated contributions[
δC9
CSM9
]
b→sµµ¯
∼ V
∗
T1s
V ∗T1d
V ∗td
V ∗ts
[
δC9
CSM9
]
b→dµµ¯
∼ e0.42i
[
δC9
CSM9
]
b→dµµ¯
, (52)
which shows that the corrections in b → sµµ¯ and b → dµµ¯ transitions have similar
size. The phase is not universal in Table 3 since the flavour universal contribution can
have a phase modified with respect to the SM and, with different contributions, the
final phase of the correction may differ.
6.2.2 Transitions s→ dµµ¯
The transitions s→ dµµ¯ have to be analysed separately. The analog of eq. (52) would
read [
δC9
CSM9
]
s→dµµ¯
∼ VT1d
VT1b
Vtb
Vtd
[
δC9
CSM9
]
b→sµµ¯
∼ 25× e0.42i
[
δC9
CSM9
]
b→sµµ¯
, (53)
which certainly hints at much more important effects than the ones in b → qµµ¯ tran-
sitions. Nevertheless, it is well known that in general it is not trivial to observe short
distance contributions such as the ones controlled by C9 and C10 (also labelled in the
context of kaon decays as C7V and C7A) due to the low q
2 available. These transitions
are dominated by long distance one photon contributions: we will show that LFUV
contributions in s → dµµ¯ at the level of δC9 ∼ −3e0.42iCSM9 , or even larger, are still
allowed. We follow reference [82], but using the normalization of the Wilson coefficients
in eqs. (14) for the kaon case, i.e. as in (14) with VtbV
∗
ts 7→ VtsV ∗td; the LFUV correction
δC9 verifies
VtdV
∗
ts δC
s→dµµ¯
9 = −
aµµ+ − aee+√
2
(54)
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with a``+ parameters appearing in the K
± → pi±`¯` decay spectra. According to [82]
(and references therein) we use the experimental input aµµ+ − aee+ = 0.007± 0.040, and
eq. (54) gives [
VtdV
∗
ts δC
[s→dµµ¯]
9
]
Exp.
= −0.005± 0.028 , (55)
to be compared with the prediction for the three different mN values:
VtdV
∗
ts δC
[s→dµµ¯]
9 '

0.001 for mN = mT ,
0.004 for mN = 10mT ,
0.008 for mN = 100mT .
(56)
Imaginary parts in eq. (56) are much smaller and have been omitted. This explains
that the effects of this NP scenario are far from being relevant in K± → pi±`¯` processes
with the current precision level. Nevertheless, the large factor in eq. (52), ∼ 25, implies
that one could expect sizable modifications in rare kaon decays where short distance
effects are important. This is the case of the decay KL → pi0`¯`, which is dominated by
CP violating pieces. Following [82,83], one can write
BR(KL → pi0µµ¯)
∣∣
CPV
= 10−12
(
3.5|aµs |2 + 1.5|aµs |
[
Im (VtdV
∗
ts)
10−4
]
+ 1.1
[
Im (VtdV
∗
ts)
10−4
]2)
,
(57)
where |aµs | = 1.54± 0.40. The direct CP violating terms coming from the SM and the
LFUV contributions to KL → pi0µµ¯ are proportional to
Im
(
VtdV
∗
ts(C
SM
9 + δC9)
)
= CSM9 Im
(
VtdV
∗
ts
(
1 +
[
δC9
CSM9
]
d→sµµ¯
))
, (58)
which can have the following values:
VtdV
∗
ts
(
1 +
[
δC9
CSM9
]
d→sµµ¯
)
=

(−1.00 + 1.30i)10−4 for mN = mT1 ,
(6.45 + 1.60i)10−4 for mN = 10mT1 ,
(15.8 + 1.97i)10−4 for mN = 100mT1 .
(59)
The effects in KL → pi0µµ¯ can be estimated substituting Im (VtdV ∗ts) in eq. (57) with
eq. (58); only the imaginary parts are relevant4. For the 3× 3 unitary CKM matrix of
the SM, [VtdV
∗
ts]SM = (−3.1548 + 1.3652i)10−4, and thus, in eq. (57)[
Im (VtdV
∗
ts)
10−4
]
∼ 1.365 (SM)
→ 104Im
(
VtdV
∗
ts
(
1 +
[
δC9
CSM9
]
d→sµµ¯
))
=

1.30 for mN = mT1 ,
1.60 for mN = 10mT1 ,
1.97 for mN = 100mT1 .
(60)
4It is clear that the observables should be invariant under rephasings of the CKM matrix while
eq. (57) is not: it is to be understood that Im (VtdV
∗
ts) is computed in a phase convention where VcdV
∗
cs
is real.
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The effect can be relevant, but testing it requires improvements in both the theoretical
knowledge of the long distance contribution and in the foreseen experimental measure-
ments [84]. Since C9 = −C10, one must also analyse the effect of C10 on KL → µµ¯.
The dominant contribution, however, comes from the 2γ intermediate state, obscuring
again the analysis of the expected effect. In this CP conserving process, what matters
in the short distance contribution is the real part, and thus, similarly to eq. (60) and
using again eq. (59),[
Re (VtdV
∗
ts)
10−4
]
∼ −3.15 (SM)
→ 104Re
(
VtdV
∗
ts
(
1 +
[
δC9
CSM9
]
d→sµµ¯
))
=

−1.00 for mN = mT1 ,
6.45 for mN = 10mT1 ,
15.8 for mN = 100mT1 .
(61)
Substituting eq. (61) in the short distance contribution to KL → µµ¯ gives [85,86]
BR(KL → µµ¯)|SD = 10−9 ×

0.15 for mN = mT1 ,
2.03 for mN = 10mT1 ,
13.6 for mN = 100mT1 .
(62)
A conservative upper bound [86] is BR(KL → µµ¯)|SD ≤ 2.5 × 10−9, which clearly
disfavours or excludes the example for mN = 100mT1 . We can conclude that rare
kaon decay processes sensitive to short distance contributions will be highly relevant
to prove or disprove the proposed scenario. Specifically, KL → pi0µµ¯ and KL → µµ¯
show correlated effects with the B anomalies, including RK(∗) . From this analysis of the
kaon sector, we can conclude that it is the benchmark example with mN ' 10mT1 that
fulfills all the considered theoretical and experimental constraints in a natural way.
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7 Conclusions
We have shown that the existence of heavy neutrinos Nj leading to an entry in the
PMNS matrix that couples the neutrino N with muons, together with the existence
of vectorial quarks, can explain the so-called B anomalies in b → s`¯` transitions in a
scenario where δC9 ' −δC10. The New Physics contribution to C9,10 explaining RK(∗)
originates from the standard box diagram, but with heavy neutrinos and new vectorial
up quarks running inside the loop. In general, without additional vectorial up quarks,
the top quark contribution is too small to account for the anomalies. To allow for de-
viations from Lepton Flavour Universality and simultaneously avoid too large FCNC
effects, the singlet vectorial quarks should be heavy enough, specially if we take into
account that we need them to couple with ordinary quarks through charged current
interactions. To avoid suppressions in the box diagram or, conversely, to maximize the
effects, the heavy neutrino should have masses similar to the vectorial quarks, or larger.
We have introduced vectorial quarks that obey special flavour symmetries for which
(i) the CKM matrix would be the identity and (ii) the four lighter quarks would be
massless if the couplings to the new vector-like quarks were absent; in their presence,
both the deviation of CKM from the identity and the masses of the lighter quarks
originate from the mixing among the standard and the vector-like quarks. It is well
known that in general this kind of quarks generate, at the loop level, very large LFU
FCNC effects, that can only be suppressed if they decouple. Consequently, the masses
of the vectorial quarks should be heavy enough: in our example we have considered
vectorial quarks with masses of order 10 TeV and 500 TeV for, respectively, down and
up-type quarks. With such heavy masses, all LFU effects are in general highly sup-
pressed, but this is not the case for LFUV effects in transitions other than b → sµµ¯
when the RK(∗) anomalies are accounted for. In particular we find similar LFUV effects
in b→ dµµ¯ transitions that should be tested. Even larger effects in the short distance
contributions to d→ sµµ¯ processes are also found: KL → µµ¯ is now the most relevant
constraint, but KL → pi0µµ¯ will also be relevant in the future. In general, we do not
have effects in qi → qjνν¯ transitions because we have not introduced heavy charged
leptons.
In summary, we have shown that a simple extension of the Standard Model, involv-
ing the introduction of vector-like quarks and heavy neutrinos can provide a possible
explanation for the B anomalies in b → s`¯` transitions, in a framework which also
provides a rationale for the almost decoupling of the heavier third quark generation
with |Vtb|2 = 1− 1.6× 10−3.
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A Example
The example of section 5.1 is completely defined in terms of the mass matrices in
eqs. (33)–(34):
M0d ≡
(
md ωd
Xd Md
)
. M0u ≡
(
mu ωu
Xu Mu
)
. (34)
They have the following structure, with all entries in GeV.
md =
0 0 00 0 0
0 0 −0.6− 1.2i
 mu =
0 0 00 0 0
0 0 −70.8131 + 192.531i
 , (63)
notice that without mixing with the new heavy quarks, eq. (63) gives at leading order
V = 1 and massless light quarks with mb and mt close to the actual values. The upper
right blocks read
ωd =
 0.2542 0 03.2994 + 4.6982i 11.067 0
−0.3877− 0.8229i 55.649− 2.3949i 1.7419
 , (64)
ωu =
 2.5148 0 093.5524− 255.32i 20.8841 0
−122.292 + 332.496i 107.905− 31.0875i 2.0922
 , (65)
with entries not larger than the electroweak scale. The ∆I = 0 blocks of the mass
matrices are
Md =
1 0 00 1.1 0
0 0 1.2
× 104, Mu =
5 0 00 5 0
0 0 5
× 105, (66)
and
Xd =
 0 0 5000 500 0
500 0 0
 , Xu =
 0 0 50 5.625 0
6.25 0 0
× 104 . (67)
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The scale of these matrices is larger than the electroweak scale: the off-diagonal sub-
matrices are smaller than the diagonal submatrices, the former being responsible of
giving masses to the light quarks and generating CKM mixings, and the later being re-
sponsible of the heavy quark masses. Following the usual bi-diagonalisation of M0dM
0†
d
and M0uM
0†
u , we obtain the mass spectrum (at the MZ scale) in eq. (35) and the diag-
onalizing matrices that give V , Wu and Wd shown in section 5, eqs. (36)–(39).
Finally, following the ideas of reference [68], the zero entries of the matrices md, mu, ωd
and ωu should be enforced by an abelian symmetry, under which a field Ψ transforms
as
Ψ 7→ eiτ Q(Ψ)Ψ . (68)
An example that meets these requirements for the matrices above is a model with four
Higgs doublets φi and the following charge assignments for the fields in the model:
Q

u0R1
u0R2
u0R3
u0R4
u0R5
u0R6
 =

−1
−1
6
4
5
6
 , Q

d0R1
d0R2
d0R3
d0R4
d0R5
d0R6
 =

5
4
3
0
2
3
 , (69)
Q

φ1
φ2
φ3
φ4
 =

1
0
2
3
 , Q
Q0L1Q0L2
Q0L3
 =
12
3
 . (70)
With these assignments it is easy to reproduce the flavor structure of the ∆I = 1/2
mass matrices. If the symmetry in the ∆I = 0 mass matrices is broken, it amounts to
soft breaking without spoiling the nice features of the model. For this reason it is not
necessary to worry about the charge assignments of the left handed components of the
singlet vectorial quarks: D0L1 , D
0
L2
, D0L3 , T
0
L1
, T 0L2 and T
0
L3
.
B Universality
Deviations of the PMNS mixing matrix from 3×3 unitarity would appear as violations
of universality of weak interactions in some low energy processes. The (incoherent)
sum over final state neutrinos gives for instance
Γ(W → `ν) ∝
3∑
j=1
|U`j|2 ≡ 1−∆` , (71)
Γ(`1 → `2νν¯) ∝
3∑
j,k=1
|U`1j|2|U`2k|2 ≡ (1−∆`1)(1−∆`2) , (72)
in the charged current coupling of leptons ` = e, µ, τ . For a non 3× 3 unitary PMNS
involving heavy enough neutrinos (i.e. which are not included in the sum over final
19
states), the different ∆` in eqs. (71)–(72) parametrise those deviations. It is common
to translate this effect into “non-universal” weak coupling constants for the different
leptons
g 7→ g` = g
√
1−∆` . (73)
Constraints on the different g` can then be obtained from a number of observables.
• Comparison of the Fermi constant measured in muon decay, Gµ, and in (nuclear)
beta decays, Gβ: while the former involves both g 7→ gµ and g 7→ ge, the latter
involves g 7→ ge and the CKM matrix element Vud. Including information on Vus
would turn this comparison into a simultaneous test of unitarity of both PMNS
and CKM. The usual extraction of Vus [87] involves the combined use of kaon
decays into µν and into eν final states, which we better avoid in this context.
However, on that respect, |Vus/Vud| can be extracted [87] from K → µν(γ) and
pi → µν(γ), that is free from ∆e and ∆µ. Assuming universality and no significant
unitarity deviations in CKM (one can in fact neglect |Vub|2 to start with), Gµ vs.
Gβ gives
g2µ g
2
e = g
2
eg
2|Vud|2
(
1 +
|Vus|2
|Vud|2
)
⇔ (1−∆µ) = |Vud|2
(
1 +
|Vus|2
|Vud|2
)
. (74)
Equation (74) provides a constraint on the absolute size of ∆µ, especially impor-
tant since the remaining constraints only restrict ratios g`1/g`2 .
• gµ/ge is constrained by (a) semileptonic decays P → µ vs. P → e (P = K, pi),
and K → piµ vs. K → pie, and (b) leptonic decays τ → µ vs. τ → e.
• gτ/gµ is constrained by (a) semileptonic decays τ → P vs. P → µ (P = K, pi),
and (b) leptonic decays τ → e vs. µ→ e.
• gτ/ge is constrained by leptonic decays τ → µ vs. µ→ e.
With [87] |Vud| = 0.97417 ± 0.00021, |Vud| = 0.2254 ± 0.0008, eq. (74) gives a simple
estimate ∆µ =
(
5.1 +4.3−3.0
)× 10−4.
For the constraints on g`1/g`2 , we refer to Table 2 in [79]; it is to be noticed that gτ
related constraints play no significant role and a simple analysis in terms of ∆e and
∆µ can be easily done: figure 3(a) shows the regions in the (∆e,∆µ) plane allowed by
the separate constraints (i) Gµ vs. Gβ and (ii) gµ/ge. The combined allowed region
is shown in figure 3(b). With these constraints, the largest value of ∆µ, that is, the
largest |Uµj|2 that can be considered, is |Uµj|2 ' 1.8× 10−3 in the 3 σ region. Forcing
∆e = 0, one can consider values of |Uµj|2 up to ' 1.4 × 10−3 within the 3 σ region.
Notice that in scenarios with heavy neutrinos and deviations from 3×3 unitarity of the
PMNS matrix, one may also expect effects in electroweak precision observables and in
lepton flavour violating processes like `2 → `1γ or µ–e conversion; for detailed analyses
with such ingredients, see for example [69,80]. However, these effects are rather model
dependent, and for that reason we consider the simple bounds derived above.
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Figure 3: Allowed ∆µ vs. ∆e regions (68, 95 and 99% C.L.) by universality constraints.
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